Mater. 10 110-13), which generate and deliver intense coherent light down to and even below the diffraction-limited scale. Here in this paper, by carrying out a numerical investigation of a novel hybrid plasmonic structure that consists of a CdS nanotube sitting above a metal substrate separated by a nanometric MgF 2 layer, we show theoretically that nanotube-based plasmonic structures can also act as highly efficient lasing sources. Optical properties of such a laser configuration including modal behaviour and the lasing threshold is investigated with regard to the variation of key geometrical parameters. Simulation results reveal that the employment of a CdS nanotube may result in improved optical performance compared with the conventional CdS-nanowire-based plasmon laser. Reduced lasing threshold with mitigated modal loss can be achieved simultaneously under carefully engineered geometries. We also explore the feasibility of combining nanowire-and nanotube-based active and passive components for on-chip integrations. As a simple demonstration, monolithic integration of a CdS nanotube laser with a CdS-nanowire-based passive component is shown numerically on a single chip. We expect that these studies could lay the foundations for nanotube-and nanowire-based hybrid integrated photonic components and circuits.
Introduction
Recent advancement in laser science has been continuously producing new types of coherent light sources with unprecedented fascinating features. Future nanolasers require configurations capable of achieving higher power, faster response, miniaturized physical dimensions and/or reduced output mode size [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Semiconductor nanowire based structures are among those most promising microscopic lasers with ∼wavelength scale yielded optical modes [1, 5, 14] . Among a diverse range of semiconductors, II-VI (e.g. CdS and ZnO) and III-V materials (e.g. GaN) are the most preferable choices for nanowire lasing, due to their significantly strong exciton binding energy to ensure efficient laser actions. Along with their availability with versatile existing chemical methods [15] , these structures get widely used in many areas of physical science and engineering. However, like other dielectric-based structures such as photonic crystal cavity lasers [6] , they are fundamentally subjected to the diffraction limit, which restricts further downscaling of either their physical scale or generated optical mode size below the wavelength level.
A promising solution to overcome the above challenge is by exploiting the surface plasmon (SP) effect, which offers unique capabilities for guiding and controlling light down to the sub-diffraction-limited scale [16] [17] [18] [19] . Further miniaturization of microscopic lasers could also be realized with versatile structures involving SPs. Examples of recent achievements are the plasmon lasers based on localized SP [20] and propagating SP effect [2, 3] , whose physical size and mode width directly reach the nanometre scale well beyond the diffraction limit. For these propagating SPbased plasmon lasers, their features are dominated by the optical properties of the plasmonic waveguiding configurations involved. These hybrid plasmon polariton (HPP) structures, typically consisting of high-index dielectrics placed in close proximity to metallic surfaces, are able to achieve subwavelength confinement and long-range propagation distance simultaneously [21] [22] [23] [24] . Highly efficient laser action could be enabled by replacing the dielectric with a gain medium, together with the introduction of a proper feedback mechanism, such as Fabry-Perot or whispering gallery cavities [2, 3] .
In addition to leveraged as efficient lasing sources, hybrid structures also exhibit useful applications in light guiding, mode splitting as well as other areas. Various hybrid guiding schemes [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and a number of integrated photonic components [40] [41] [42] [43] [44] [45] have been presented and studied intensively. While most HPP structures claim to be compatible with standard fabrication methods, many are rather challenging to realize, despite the fact that they might exhibit improved optical performance over the conventional hybrid waveguide in a certain aspect. Such a drawback hinders the migration of these devices from theoretical predictions to practical implementations.
Here in this paper, we propose and investigate a novel hybrid plasmonic structure comprised of a CdS nanotube atop a MgF 2 -coated silver surface. Such a hybrid waveguide shares a similar fabrication procedure as that of the typical CdSnanowire-based plasmonic structure, which can be readily implemented by placing a CdS nanotube onto a MgF 2 -coated silver substrate. The CdS nanotube can be fabricated using various strategies, including surfactant-assisted synthesis [46] , chemical bath deposition [47] , arc-electrodeposition technique [48] , microwave and ultrasonic irradiation [49, 50] , electrodeposition and dissolution route [51] , as well as the chemical vapour deposition (CVD) template method [52] . Through numerical analysis, we show theoretically that these CdS-nanotube-based plasmonic structures are also capable of supporting low-loss transportation of hybrid modes on the subwavelength scale. With the optimization of the geometry size and taking into consideration the cross-sectional shape, a highly efficient lasing source exhibiting even better optical behaviour could be achieved compared with the CdSnanowire-based laser structure.
2. Optical properties of the proposed nanotube-based hybrid plasmon laser structure Figure 1 shows the geometry of the studied hybrid plasmon laser, where a circular-shaped CdS nanotube sits above a lowindex nanometre-thick, dielectric-coated, metallic substrate. The inner and outer radii of the nanotube are r i and r, respectively, while the radius ratio of r i to r is defined as a. The thickness of the low-index dielectric coating layer is t. Optical characteristics of the hybrid mode supported by the structure are studied at a wavelength of λ = 489 nm in this paper, which corresponds to the CdS I 2 exciton line [2, 53] . The metallic substrate is assumed to be silver (Ag), the lowindex dielectric gap layer is MgF 2 and the cladding is made of air. The permittivities of air, MgF 2 , CdS and Ag are ε c = 1, ε d = 1.96, ε g = 5.76 and ε m = −9.3 + 0.2i [54] , respectively. The modal properties are investigated by carrying out a 2D modal analysis for the cross-section of the laser configuration based on the finite-element method (FEM) using COMSOL TM . The eigenmode solver is applied with the scattering boundary condition. Convergence tests are performed to ensure that the numerical boundaries and meshing do not interfere with the solutions. Based on the 2D modal analysis, the pumping threshold of the laser could also be obtained.
Electric field distributions of the fundamental quasi-TM plasmonic mode is shown schematically in figure 2. Pronounced field enhancement is seen clearly in the MgF 2 gap owning to the strong hybridization between dielectric and SP modes. While the index contrast inside the nanotube also results in a locally enhanced electric field in the airfilled hollow area, although much weaker than that observed in the gap. These electric field plots indicate strong overall confinement achievable in the gap region with sufficient modal overlap in the semiconductor to facilitate gain. The existence of the hollow area in the nanotube also exhibits the effect of releasing the mode field into the low-index air region, hence showing the potential to further reduce the propagation loss. The modal properties including the modal effective index (n eff ), effective propagation loss (α eff ), normalized mode area (A eff /A 0 ) and confinement factor ( ) of the hybrid plasmonic mode supported by the nanotube-based structure are shown in figures 3(a) and (b) as the size of the nanotube varies. The outer radius of the nanotube is set within the range 40-60 nm in order to ensure simultaneous realization of low pumping threshold and single mode operation. The modal effective index and the effective propagation loss are determined from the real and imaginary parts of the eigenvalue. The confinement factor and the mode area can be derived by means of post-processing based on the calculated mode profiles. Here, the confinement factor ( ) is defined as the ratio of the electric energy in the CdS material of the nanotube and the total electric energy of the mode. The effective mode area is calculated using
dx dy).
A 0 is the diffractionlimited mode area in free space and defined as λ 2 /4. It is shown that for structures with different r, the modal effective index, confinement factor and mode area exhibit monotonical trends when the hollow area of the nanotube increases. Reduced n eff and , together with increased A eff , are signatures of gradually weakened mode confinement with the increase in r i . The propagation loss, however, demonstrates quite different trends for different r. Geometry with a small nanotube (r = 40 and 50 nm) shows a reduced propagation loss at larger r i . While on the other hand, when r = 60 nm, a local maximum is observed in the curve of the propagation loss at a critical ratio a. This is an indication of the occurrence of strongest coupling between the nanotube mode and the plasmonic mode, where the effective indices of the two modes match each other, as also seen in many other hybrid plasmonic structures [21, 36, 37] . The reason why no such coupling condition happens for the small nanotube case is the relatively small effective index of the nanotube mode, which gets even smaller when the hollow region increases, thus leading to a further mismatch between the dielectric and plasmonic modes and consequently the monotonical change in the coupling strength. For r = 60 nm, further increasing the size of the hollow region over that critical value leads to a continuous reduction in α eff , similar to that observed in the smaller nanotube case. It is also illustrated in figure 3 (a) that within a wide range of radius ratios, the confinement factor maintains a relatively high value all the time. For the case of r = 60 nm, is still as large as 0.3 even when a gets close to 0.7, indicating that a substantial amount of electric energy resided in the CdS material. Such a strong modal overlap between the hybrid mode and the gain medium, together with the reduced propagation loss, offers great promise for low pumping threshold. Based on the above discussions of modal properties, we further investigate the lasing threshold of the hybrid structure. Here, the amplitude threshold gain is calculated using g th = (k 0 α eff + ln(1/R)/L)/ · (n eff /n tube ) [23] , where k 0 = 2π/λ and n tube is the refractive index of the nanotube. The nanotube length L is assumed to be 30 µm, while the end facet reflectivity is estimated using R = (n eff − 1)/(n eff + 1). These approximations are adopted to simply illustrate the effect of geometric parameters on lasing properties rather than predict the accurate pump threshold. Calculated results in figure 4 indicate that, as long as the radius ratio a is not very large, the lasing threshold decreases monotonically with the increase in the hollow area for the cases of small nanotubes (r = 40 and 50 nm), which is largely due to the maintained overall confinement in the gain material and the significantly reduced propagation loss. While for a larger nanotube (r = 60 nm), a slightly increased pumping threshold is observed when a is small, which is caused by the increase in the propagation loss exhibited below the critical radius ratio shown in figure 3(b) .
As a gets larger, the mitigated modal loss and the strong confinement would bring the threshold gain back to a low level. For all the studied cases, the minimum pumping threshold is observed at a relatively large a, where over 30% threshold reduction could be achieved compared with the nanowire plasmon laser. Beyond such a critical radius ratio, the g th curve would rise sharply. The dramatically increased gain needed for lasing is caused by the highly weakened mode confinement when the hollow region is very large (as also shown in the electric field distribution in the inset), which has become the dominant factor that determines the lasing properties. As also indicated from figures 3(b) and 4, low-threshold laser actions could be enabled on a subwavelength scale as long as a is not very large. Depending on the specific fabrication method, CdS nanotubes may also have other cross-sectional shapes in addition to the circular one as assumed in the above studies. The most commonly obtained types during synthesis are the hexagonal-shaped CdS nanotube [46, 50, 52] . Although CdS 1D nanostructures with square-like cross-sections have only been demonstrated in solid styles, such as nanobelts [3, 55] and nanoribbons [56, 57] , yet it is still interesting to see the optical performance of a square-shaped nanotube-based plasmon laser. Here the modal properties and lasing thresholds of hybrid plasmon lasers leveraging hexagonal or square CdS nanotubes are also investigated using a similar method to that employed for the circular case. Both the side length of the hexagonal nanotube and the half-width for the square structure are denoted as w (both fixed at 50 nm), while other parameters are defined in the same way as in the circular case. indicate that similar modal behaviour could be achieved for the hexagonal or square structure compared with the circular nanotube case (illustrated in dark-yellow dashed lines). The only difference is the non-monotonical trend observed in the propagation loss of the square nanotube, which is caused by the change in the coupling strength during the variation of a, similar to the circular CdS structure with r = 60 nm.
Correspondingly, the lasing threshold of the square case increases first before it decreases when the structure evolves from the nanowire type (a = 0) to the nanotube type with an increased hollow region, as seen in figure 5 (c). While for both the square and hexagonal nanotubes, the lowest pumping threshold occurs when the radius ratio is relatively large. Furthermore, in contrast to the circular nanotube plasmon laser, structures employing hexagonal or square-shaped nanotubes achieve more significant reduction in the lasing threshold when compared with the nanowire-based configuration, i.e. as large as 50% for the hexagonal nanotube plasmon laser, and even up to 60% for the square nanotube case. It is worth mentioning that, in addition to tailoring the lasing properties through control of geometric parameters and shape, new features may also be added to the plasmon laser by incorporating other materials into the hollow region of the CdS nanotube. For instance, carbon nanotubes/CdS coaxial nanowires [58] and ZnO/CdS core/shell nanowire heterostructures [59] are among these interesting structures that could probably bring new functionalities to laser actions.
CdS nanowires have been widely employed as promising candidates to build highly efficient optoelectronic components with a wide range of useful applications [60, 61] . Here, we show the possibility of integrating such a CdS nanotube laser structure with passive CdS nanowire components. Threedimensional (3D) FEM simulations are performed to mimic the operation of the hybrid photonic system for on-chip integrations. In order to perform a full 3D numerical simulation of the mode propagation along the CdS nanotube and coupling of the nanotube mode into nanowire-based configurations, the field distribution from the 2D eigenmode solver of a nanotube-based plasmonic waveguide is set as a source boundary condition for the 3D analysis. Other boundaries of the computational region are applied with perfect electric conductor boundary conditions with n × E = 0. Fine meshes with a maximum mesh size around λ/50 are adopted in the nanotube, nanowire and the gap regions, while relatively coarser meshes are used for other sub-domains. Here it is worth mentioning that our main focus of such a simulation is to reveal the feasibility of mode transmission and evolution in a simple nanophotonic chip based on nanotubes and nanowires, assuming that the laser beam is efficiently coupled into the nanotube as the input optical mode. The processes of pumping the laser device and generation of the laser beam are not included in our current simulations. While for practical experiments, a similar excitation method to that reported in [2] could be adopted. By using a mode-locked Ti-sapphire laser along with an objective lens, the pump beam can be focused and illuminated directly on the sample to excite laser oscillation. As seen in figure 6 , the plasmonic mode could propagate along the hybrid CdS nanotube plasmonic structure with low loss and also couple efficiently (more than 80% of the total power) to a near-by (several hundred nanometres away) Y-branched structure consisting of two CdS nanowires on top of a MgF 2 -Ag substrate. More complex photonic nanocircuits may be realized by integrating the CdS nanotube light source with various other passive components such as a ring-resonator, Bragg grating to achieve versatile functionalities. Furthermore, the merging of metallic nanowires with CdS 1D nanostructures represents another pathway that may bring new capabilities to CdS-based hybrid integrated nanoscale photonic systems [40, [62] [63] [64] .
Conclusions
In conclusion, we have investigated the feasibility of building highly efficient hybrid plasmon lasers based on CdS nanotubes. Numerical studies show that compared with the conventional nanowire-based laser structure, the hybrid configuration leveraging CdS nanotube could enable nanoscale lasing with even lower pumping threshold at the optical frequency, meanwhile maintaining the subwavelength generated optical mode size together with dramatically mitigated modal loss.
To reveal its usage in hybrid integrated photonic systems, we also explore the possibility of integrating such a nanotube laser structure with passive CdS components. We expect that these investigations could be useful for the development of nanotubeand nanowire-based integrated photonic circuits.
